Some recent developments on the feedback control of turbulent ows are presented. Physical mechanisms associated with opposition control algorithms are investigated. A new control method based on the sensing and manipulation of vorticity creation at the wall is presented. The results indicate that signi cant drag reduction can be achieved using wall information only. The potential for optimization of feedback control algorithms, using neurocomputing methodologies is outlined.
Introduction
The active feedback control of turbulence in engineering ows is gaining recognition as a possible means for greatly improved performance of aerospace and marine vehicles. While passive devices have been used e ectively in the past, active control strategies have the potential of allowing a signi cant improvement in the performance of future con gurations.
Along with small and robust sensors and actuators, simple yet e ective control algorithms, which are based on measurable ow quantities, are needed to make active feedback control of turbulence a reality. In this paper we discuss two feedback algorithms for turbulence control: the opposition control scheme, introduced by Choi, Moin, & Kim (1994) , and a novel feedback algorithm based on the manipulation of the wall vorticity ux, proposed by Koumoutsakos (1997) .
In the opposition control approach, the vertical motion of the turbulent ow near the wall is countered by an opposing blowing/suction distribution of velocity on the wall. The e ectiveness of the opposition control algorithm depends strongly on the location of sensing: a 25% drag reduction is observed when the wall normal velocity eld is sensed at y + 15 in a low Reynolds number turbulent channel ow, whereas a large increase in drag is observed when the sensing location is at y + 25.
One of the purposes of this paper is to investigate the mechanisms of this fundamentally di erent behavior.
Though the opposition control algorithm is simple and e ective for viscous drag reduction, it has the substantial drawback that it requires measurements inside the ow domain. In order to alleviate this di culty, Lee, et al. (1997) employed a neural network to construct a simple feedback control algorithm using information only at the wall. Their methodology was shown to reduce skin friction by about 20%. We outline here an alternative novel feedback control algorithm based on information that can be obtained at the wall. This framework is based on the identi cation of the nearwall structures via their induced wall vorticity ux. The present control scheme is based on the manipulation of the spanwise and streamwise vorticity ux components, which can be obtained as a function of time by measuring the instantaneous pressure at the wall and calculating its gradient. An algorithm is presented which allows for the explicit calculations of the necessary control strengths. Application of the present control scheme to low Reynolds number turbulent channel ow produced drag reduction of up to 40% using wall information only.
The opposition and vorticity ux feedback control algorithms are based on physical mechanisms of vortexwall interactions. Although they have been proven to be e ective in reducing the skin friction drag in turbulent ow simulations, an optimization procedure is necessary to increase their e ectiveness and their applicability to practical con gurations. We outline the potential of neurocomputing methodologies (such as neural networks and evolutionary strategies) to achieve this optimization.
In x2 of this paper we analyze the opposition control algorithm. The framework of vorticity ux is outlined in x3 and the application of the method to two and three dimensional ows is reported in x4. An outline and some preliminary investigations of neurocomputing ideas for the optimization of feedback control algorithms is presented in x5. Recommendations for future work and conclusions are presented in x6.
Opposition control
Turbulent channel ows are dominated in the region within 50 viscous units from the walls by vortices which tend to be aligned nearly in the streamwise direction and slightly inclined to the wall. As they evolve, these vortices \pump" high momentum uid from the core region of the channel towards the walls (\sweep events"), and low momentum uid from the near-wall region towards the center of the channel (\ejection events"), creating local regions of high and low shear at the walls (\streaks"). The resultant mixing of the high-and low-momentum uid in the channel results in a fuller mean velocity prole and much higher viscous drag than that of a laminar ow at the same bulk velocity. As rst investigated by Choi, Moin, & Kim (1994) and shown in gure 1, the idea of opposition control is simply to counter the vertical velocity near the wall with an opposing control velocity at the wall in order to reduce this mixing. When opposing the vertical motion at y + 15, the control is found to do much more than simply inhibit the formation of the streaks|it actually mitigates the process of the turbulence production itself. This results in much lower turbulence levels and approximately 25% drag reduction ( gure 2). When the control is set more ambitiously to counter motions farther from the wall, at y + 25, the drag soon climbs to very high levels. Note that present results indicate detection at y + = 15, a case not tested by Choi, Moin, & Kim (1994) , is slightly more e ective than detection at y + = 10. Three high-resolution computations were performed, as described in gure 2, at Re = 180. (Re is the Reynolds number based on the shear velocity of the uncontrolled ow and the channel half-width; the corresponding Reynolds number based on centerline velocity is Re c = 3300.) These computations used a hybrid code (Bewley 1997) that is spectral in the streamwise direction x and spanwise direction z and second order nite di erence in the wall-normal direction y. (Note: u, v, and w correspond to the velocities in the x, y, and z directions respectively.) A staggered grid of 256 128 256 mesh points was used. A third-order Runge-Kutta algorithm was used for time advancement. As shown in gure 3, the control scheme with detection at y + = 15 creates a \virtual wall" in the uid halfway between the physical wall and the detection plane. The reduced mixing of the core uid with the near-wall uid due to this virtual wall signi cantly reduces the overall turbulent energy, as shown by comparison of gures 5a and 6a. Convective transport of momentum no longer occurs across the plane of the virtual wall. The only mechanism for transport of momentum in the wall-normal direction in this case, then, is di usion by viscosity, which is relatively less e ective than convective transport. The controller with detection at y + = 25 resulted in the channel eventually lling with turbulent uctuations, as shown in the oblique view of gure 6b. As the control was turned on, certain ow conditions would consistently act to destabilize the ow. This result is well explained by analysis of the ow situation shown in the cross-ow plane of gure 5b and schematically in gure 4. It was observed that the controlled system developed skewed paths by which high speed uid from nearby sweep events could be drawn towards the wall below an ejection event, as shown in gure 4. The detection plane is too far from the wall to accurately re ect the in uence of the ow structures nearest to the wall. In this case, the \virtual wall" is not established, resulting in increased turbulent activity and mixing in the near-wall region.
2 American Institute of Aeronautics and Astronautics (a) Opposition control with detection at y + = 15 (drag-reducing case). Small control velocities at wall (heavy horizontal line) create a plane midway between wall and detection plane (thin horizontal line) with almost zero vertical velocity, e ectively insulating the wall from high-drag sweep events.
(b) Opposition control with detection at y + = 25 (drag-increasing case). Larger control velocities, responding to ow uctuations farther from wall, sometimes create a skewed path by which high speed uid from a nearby sweep event may be drawn towards the wall below an ejection event. (b) Opposition control with detection at y + = 25 (drag-increasing case). Mechanism described in gure 5b persists and proves to be unstable, resulting in highly enhanced levels of turbulence and increased drag. Although the velocity opposition control scheme was successful in reducing the skin friction drag, it is not readily suitable for practical implementation as it relies on o -wall information. Choi, Moin, & Kim (1994) examined the relationship between variables available at the wall (such as pressure, shear stresses, etc) and the ow above the wall. An opposition control scheme using a quantity derived from the Taylor series expansion of the normal velocity component about the wall, resulted in a 6% drag reduction. Recently, Lee, et al. (1997) implemented a neural network to approximate the correlation between the wall shear stresses and the wall actuations. A simple control network employing this technique reduced the skin friction drag in a turbulent channel ow by 20%, using wall information only. We outline in this section the development of a novel feedback control algorithm (Koumoutsakos, 1997) based on the manipulation of the vorticity creation at a wall, using wall information only. The pressure eld is sensed at the wall and its gradient (the wall vorticity ux) is calculated. Blowing/suction at the wall is the actuating mechanism and its strength is calculated explicitly by formulating the mechanism of vorticity generation at a no-slip wall.
Formulation
In wall bounded ows, the tangential motion of uid elements relative to the wall establishes velocity gradients. With the de nition of vorticity (!) as the curl of velocity (! = r u), this may be equivalently described in terms of the vorticity that is acquired by the uid elements near the wall. Lighthill (1963) envisioned the wall as a system of sources and sinks of vorticity.
A measure of the vorticity that enters the ow is given by the wall normal vorticity ux. The equation for the evolution of the vorticity eld at the wall degenerates into a di usion type equation : @! @t j w = ?r (? r!)j w (1) where is the kinematic viscosity of the uid and the subscript w denotes quantities measured at the wall. The uid elements adjacent to the wall acquire vorticity according to the source term de ned by the wall vorticity ux tensor (Hornung 1990 ) J w = ? r !. We are interested in the vorticity acquired by the uid elements near the wall, and hence the wall normal component of this source tensor, de ned as the wall vorticity ux vector = n J w .
For simplicity, in the rest of this paper we consider a cartesian coordinate system and ow over a at wall identi ed with the xz plane, normal to the y-axis. The vorticity ux is then expressed as :
For an incompressible viscous ow over a stationary wall, the vorticity ux is directly proportional to the pressure gradients, as the momentum equations reduce at the wall to (Panton 1984): @! x @y w = 1 @P @z w ; ? @! z @y w = 1 @P @x w where P is the pressure and ! x and ! z are the streamwise and spanwise vorticity components. Note that the ux of the wall normal vorticity, ! y , may be determined from the kinematic condition (r ! = 0).
Measurements of the wall vorticity ux
Experimental measurements of the wall vorticity ux in a turbulent ow have been reported by Andreopoulos & Agui (1996) . They used high frequency response transducers to measure uctuating wall pressure gradients and then compute the vorticity ux in a two-dimensional turbulent boundary layer. Their measurements demonstrated the signi cance of vorticity ux in describing near wall processes. They made an attempt to correlate vorticity ux signals with physical phenomena such as bursting-sweep processes in the boundary layer. They observed that uid acquires or loses vorticity at the wall during rather violent events followed by periods of small uctuations. Their experiments demonstrated that the major contributions to the vorticity ux come from the uncorrelated part of the pressure signals, at two adjacent locations, which contain a wide range of vortical scales. As the degree of correlation is smaller between the small scales their contribution to the vorticity ux is more pronounced. This imposes a severe requirement on the spatial resolution of the pressure gradients/vorticity ux measurements. Practical applications (Moin & Bewley 1995) would require actuators and sensors with sizes in the order of 50 m and actuator frequencies of 1MHz. Recent advances in micro pressure sensor fabrication technology (Ho & Tai 1996) give us an opportunity to overcome these diculties. L ofdahl, K alvesten, & Stemme 1996 presented measurements in a two-dimensional at plate boundary layer with a resolution of eddies with wave numbers less than ten viscous units using microscopic silicon pressure transducers. It appears that using this new technology one may be able to describe in detail physical processes in terms of the wall vorticity and the wall vorticity ux.
3.3 Vorticity ux induced by blowing and suction at the wall. The role of the vorticity ux from oscillating walls as a mechanism for the control of unsteady separated ows 5 American Institute of Aeronautics and Astronautics was discussed by Wu, Wu, & Wu (1993) . They concluded that wall oscillations can produce a mean vorticity ux that is partially responsible for phenomena of vortex ow control by waves. Gad-El-Hak (1990) has shown that the vorticity ux can be a ected by wall transpiration as well as by wall-normal variation of the kinematic viscosity ( ) as a result of surface heating, lm boiling, cavitation, sublimation, chemical reaction, wall injection of higher/lower viscosity uid, or in the presence of shear thinning/thickening additive.
However these works do not provide us with an explicit formulation for the actuator strength necessary to induce a desired vorticity ux at the wall. This may be achieved by considering the generation of vorticity at the wall as a fractional step algorithm (Lighthill 1963) . At each time step ( t) the no-slip boundary condition can be rendered equivalent to a vorticity ux boundary condition (Koumoutsakos, Leonard, & Pepin 1994) which is materialized in successive substeps. During the rst substep we consider the inviscid evolution of the vorticity eld in the presence of solid boundaries. The no-through ow boundary condition is enforced, via the introduction of a vortex sheet (s) along the surface (s) of the body. The vortex sheet is equivalent to a spurious slip velocity on the boundary that needs to be eliminated in order to enforce the no-slip boundary condition. This is achieved at the next substep of the algorithm, as the vortex sheet enters di usively into the ow eld. When is eliminated from the body surface in the interval t; t + t] the circulation (?) of the ow eld would be modi ed according to:
On the other hand Kelvin's theorem states that the rate of change of circulation induced to the uid elements due to the presence of the body is :
If we consider this vorticity ux to be constant over the small interval of time ( t), we will have : @! @n (s) = ? (s)= t
This constitutes then a Neumann type vorticity boundary condition for the vorticity eld equivalent to the no-slip boundary condition (Koumoutsakos, Leonard, & Pepin 1994) . This formulation helps us determine the vorticity ux induced by a set of actuators, such as ideal sources/sinks located at the wall. Without loss of generality we consider a two-dimensional ow over a at wall, and a sys- 3.4 An active control strategy. For the purposes of our control scheme we consider a series of vorticity ux (or equivalently pressure gradient) sensors on the wall at locations x i ; i = 1; 2; 3; :::M.
Using the formulas described above we can explicitly determine the actuator strengths necessary to achieve a desired vorticity ux pro le at the wall at a time 
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The simplicity of the present scheme allows for a number of di erent placements of sensors and actuators. Moreover, it allows for the active selection of the optimal locations (eg. for drag reduction) by suitable optimization algorithms. Here we chose the locations of sensors and actuators to be collocated. Physically this may be understood as an advantageous situation as the sensors are able to detect the vorticity eld induced by the actuators which allows the control scheme to suitably compensate for it.
Vorticity ux control{Results
We present here preliminary results of the application of the proposed control scheme for two and three dimensional ows. In two dimensions we consider the model problem of a vortex dipole impinging on a wall, while in three dimensions low Reynolds number turbulent channel ow is considered. In both cases zero net mass transpiration is utilized to manipulate the vorticity ux induced by the ow at the wall.
Vortex dipole -Wall interaction
A Lamb's vortex dipole is considered impinging at the wall. The details of the initial vorticity con guration along with the employed high resolution viscous vortex method and simulations of the uncontrolled ow are detailed in Koumoutsakos (1997) .
Canceling the wall vorticity ux
In this type of control we attempt to eliminate the vorticity ux at the sensor locations (i.e. set D k = 0 in 6).
The vorticity ux is measured at each instant and at the following time step we appropriately adjust the strength of the actuators by solving B u k = ?X k?1 (8) for u k . This scheme may be viewed as an out-of-phase control of the vorticity ux.
In gure 7 we present contour plots of the vorticity eld of the controlled interaction of a vortex dipole with a wall. As the vortex descends towards the wall, the control scheme acts to eliminate the secondary vorticity generated at the wall. In turn, the primary vortex dipolè sees' a permeable wall. At time T = 1.0 the primary vortex dipole has been drawn into the wall.
A closer inspection of the vorticity eld near the wall shows that the system of sensors and actuators reacts to the vorticity eld generated by itself. An oscillatory set of small dipolar vortical structures is established near the wall and is sustained by the control algorithm.
Enhancing the wall vorticity ux.
In this case we attempt to enhance the generation of secondary vorticity at the wall. To achieve this, we require that the actuator strengths are adjusted so as to maintain the sensed vorticity ux (or equivalently D k = 2 X k?1 in 6) via the solution of the system : Bũ k =X k?1 (9) This scheme may be viewed as an in-phase control of the vorticity ux.
In gure 8 we present contour plots of the vorticity eld. A system of sensors and actuators is distributed over a portion of the wall. As the vortex dipole approaches the wall it interacts with secondary vorticity. The control scheme acts to enhance the secondary vorticity, thus preventing the lift-o observed in uncontrolled vortex-wall interactions (Orlandi, 1990) . The primary vortex components roll on the sheet of secondary vorticity that the actuators try to maintain. Lift o is prevented on the controlled portion of the wall, as the primary vortex components`surf' the controlled portion of the wall. The vortical structures eventually lift-o outside the controlled region, as the primary vortices have not lost enough of their strength via di usion.
Vorticity ux and opposition control
We remark here the relationship of the present active control strategy and the opposition control, discussed by Choi, Moin, & Kim (1994) . In their simulations of control of a vortex dipole impinging at a wall the ow velocity normal to the wall is sensed at a distance o the wall. Blowing/suction is adjusted so as to oppose this velocity. As the primary vortex descends towards the wall, the blowing/suction counteracts this motion, enhancing the generation of secondary vorticity. This secondary vorticity in turn pairs-o with the primary vortex resulting in a vortex dipole propagating parallel to the wall. Clearly then one may observe that the opposition control scheme would produce di erent results depending on the location of sensing the wall normal velocity. Opposing the small wall normal velocity near the dipole center would prevent lifto . On the other hand, opposing for example the velocity eld farther away from the wall could result in destruction of the newly formed vortex dipoles.
The behavior of the vortex-wall interactions is strikingly similar to the vorticity eld presented herein (compare gure 8 with gure 22b of Choi, Moin, & Kim (1994) ) over the controlled part of the wall. This strongly suggests that the opposition control strategy and the vorticity ux control, are analogous. The two schemes di er in the way in which they sense the vorticity eld that is near the wall and adjust the necessary blowing/suction at the wall. As shown in gure 9, counteracting the velocity eld of the primary 9 American Institute of Aeronautics and Astronautics vortex is equivalent to enhancing the generation of secondary vorticity, via the vorticity eld generated by the set of sources and sinks. Although the two control schemes presented in this paper rely on two di erent descriptions of the vortex/wall interactions, they induce the same behavior to the vortical structures. As the vorticity ux control strategy relies on the sensing of the wall pressure and the calculation of its gradients, it appears as a promising method for practical applications. The analogy of the two schemes suggests that the successful results that have been obtained using the opposition control scheme could be obtained as well by the present strategy, using wall information only. Figure 9: Vorticity ux generated by the opposition control algorithm.
4.3 Turbulent Channel Flow We consider the application of the vorticity-ux control scheme on a low Reynolds number turbulent channel ow (Re = 200). The numerical method (Le, Moin and Kim 1997 ) is a fractional step algorithm in primitive variables (u ? P), using central nite di erences for spatial discretization and a third order Runge-Kutta time advancement scheme. Simulations were carried out with a grid resolution of N x N z N y = 128 64 128. A cosine spacing was employed for the grid points in the wallnormal direction. The non-dimensional discretization is: x + 12; z + 8; y + 0:1 ? 7. A collocated arrangement of sensors and actuators was considered. In this arrangement the rows of sensors and actuators are located at alternating streamwise grid locations on the bottom wall. Their strength is determined using a technique similar to the two-dimensional techniques already described.
In the present scheme for three dimensional ows thè desired' and the measured vorticity ux may be related by the following form : In gure 10 we present the drag coe cient for the uncontrolled and the controlled turbulent channel ow. These results indicate a drag decrease of up to 40% using out-of-phase control of the spanwise vorticity ux, using wall information only. 5 Neurocomputing ideas for the optimization of feedback control algorithms
The feedback control algorithms, of opposition and vorticity ux control, are based on physical arguments. Although the results demonstrate the potential of these approaches, there is a clear need for further optimization. We are investigating the applicability of neurocomputing methodologies (e.g. evolution strategies, genetic algorithms, neural networks) for the optimization of di erent aspects of the feedback control algorithms. The feedback control algorithms involve a large parameter space (actuator/sensor locations, strengths, time delay, phasing, etc.) that prevents the use of an exhaustive search for optimal con gurations. Moreover, the possibility of applying these feedback control methodologies to realistic sensor/actuator con gurations presents the challenge of a-priori unknown functional relationships between ow quantities (e.g. pressure, shear stresses) and actuator parameters. This eliminates the use of traditional optimization techniques and points in the direction of experimental optimization (Schwefel 1977) . A systematic approach to experimental optimization problems, mimicking biological processes, has led to the development of evolution strategies (ES) and genetic algorithms (GA).
We are currently investigating evolution strategies to further optimize the wall vorticity ux feedback control algorithm. In particular, we examine the set, x, of inuence coe cients (x = a; b; c; d]) employed in Eq.10, whose relationship with the skin friction drag is not explicitly available. We conduct simulations of a turbulent channel ow, using a simple two member evolution strategy (Rechenberg 1973) , to identify the coe cients in Eq.10 that led to drag minimization. A set of parameters is randomly initialized and is varied at certain time intervals according to :
where N(0; ) is a vector of independent random Gaussian numbers with zero mean and standard deviation . At the end of each interval the running average drag coe cient is examined and a new set of parameters is selected according to 11 when no drag decrease is observed.
In our preliminary investigations we considered variation of one or two member sets (for example x = 0; 0; 0; d] or x = 0; b; c; 0]). Our simple evolution strategies were not always able to converge to a set of parameters that leads to drag minimization. Nevertheless, the ES converged to the set 0; 0; 0; ?1] that as was discussed in Section 4.3 results in drag minimization. Moreover the ES revealed a set of parameters that lead to drag minimization involving cross-coupling of the measured and A related issue is the optimal placement of sensors and actuators. In the present simulations, the sensors and actuators coincide with the grid points on the wall. Hence, the non-dimensional streamwise spacing between the rows of sensor and actuators is x + 12, whereas, the spanwise spacing is z + 8. A parametric investigation is under way to determine the minimum spacing requirements for the sensor and actuator con gurations. Although the number of possible con gurations can be reduced using physical arguments, optimization techniques such as ES or GA's appear as suitable candidates.
Another issue is the time delay between the sensor and actuator signals in the vorticity ux control algorithm. The proposed methodology relies on measurements of the wall vorticity ux at one time step and the immediate adjustment of the actuator strengths at the following time step to achieve a desired vorticity ux. This can lead to systems that are not possible to realize experimentally. This process may be improved by identifying and appropriately manipulating, the time correlation of the vorticity ux signals at the sensor locations: X k+1 = F(X k ; k) where F( ) is a nonlinear map The problem is then reduced to the identi cation of F( ), between the time instances t = k t and t = (k + 1) t. System identi cation techniques, involving another component of neurocomputing (neural networks) are presently under investigation. This procedure would be valuable also for practical applications, as it could provide the generally unknown correlations of realistic sensor/actuator parameters with quantities such as the wall vorticity ux. On a related front, as it was mentioned above, Lee, et al. (1997) have implemented neural networks, to eliminate the need of the opposition control algorithm for o -wall information. A neural net algorithm has been successfully employed, resulting in a 20% drag reduction for turbulent channel ow using wall information only.
In summary, neurocomputing algorithms (such as evolution strategies and neural networks), provide a valuable optimization tool, well suited to problems encountered by feedback control algorithms. Moreover, these methodologies have the potential to facilitate the implementation of active feedback control strategies to realistic con gurations.
Conclusions
In this paper we discussed some recent research e orts to elucidate the physical mechanisms associated with the opposition control algorithm and to devise a new feedback control algorithm using wall information only. The optimization of feedback control algorithms using neurocomputing methodologies is outlined.
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An extensive set of visualizations of direct numerical simulations of the opposition control, introduced by Choi, Moin, & Kim (1994) , helped us elucidate its driving physical mechanisms.
A new feedback control algorithm (Koumoutsakos, 1997) based on the manipulation of vorticity creation at the wall was outlined. In this scheme the vorticity ux is sensed at the wall, via the measurement of wall pressure. A simple control strategy allows calculation of the strength of wall transpiration to achieve a desired wall vorticity ux. Using information available at the wall, the present control scheme is able to reproduce phenomena that were previously obtained computationally using o -wall information. Implementation of the vorticity ux feedback control algorithm in the simulation of a low Reynolds number turbulent channel ow, indicate unprecedented skin friction drag reduction ( 40%) using wall information only. Work is underway to implement the proposed strategy in the control of unsteady separated blu body ows.
Neurocomputing methodologies, such as neural networks and evolution strategies, were investigated for the optimization of the feedback control algorithms. The results of Lee, et al. (1997) in the implementation of neural networks for the opposition control algorithm, and our preliminary investigations in the use of evolution strategies for the control of vorticity ux, suggest that such methodologies can be viable alternatives.
